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Conformational Changes in S6
Coupled to the Opening of Cyclic
Nucleotide-Gated Channels
(S1–S6), a charged S4 region, a P region between S5
and S6, and cytoplasmic amino and carboxyl termini
(Henn et al., 1995; Kaupp et al., 1989; Liu et al., 1996;
Molday et al., 1991; Wohlfart et al., 1992). Within each
carboxy-terminal region, CNG channels have a cyclic
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nucleotide binding domain (CNBD) that exhibits se-
quence similarity to other cyclic nucleotide binding pro-
teins (for review, see Shabb and Corbin, 1992).Summary
How does the binding of cyclic nucleotides to the
CNBD in the carboxy-terminal region cause the CNGIn cyclic nucleotide-gated channels (CNG), direct bind-
channel pore to open? Conformational changes in theing of cyclic nucleotides in the carboxy-terminal region
CNBD that are stabilized upon binding of cyclic nucleo-is allosterically coupled to opening of the pore. A CNG1
tides are allosterically coupled to opening conforma-channel pore was probed using site-directed cysteine
tional changes in the channel pore. While mechanisticsubstitution to elucidate conformational changes as-
details of this coupling between binding and channelsociated with channel opening. The effects of cysteine
opening are not completely understood, it has beenmodification on permeation suggest a structural ho-
suggested that channel opening involves a concerted ormology between CNG and KcsA pores. We found that
cooperative conformational change of all four subunitsintersubunit disulfide bonds form spontaneously be-
(Karpen et al., 1988; Tibbs et al., 1997; Varnum andtween S399C residues in the helix bundle when chan-
Zagotta, 1996). For CNG channels, the stability of thenels are in the closed but not in the open state. While
opening transition depends significantly on the numberMTSET modification of pore-lining residues was state
and type of cyclic nucleotides bound (Liu et al., 1998;dependent, Ag modification of V391C, in the inner
Ruiz and Karpen, 1997; Varnum et al., 1995). At saturat-vestibule, occurred at the same diffusion-limited rate
ing concentrations, when the binding sites are maximallyin both open and closed states. Our results suggest
occupied, cGMP, cIMP, and cAMP differ substantially inthat the helix bundle undergoes a conformational
their ability to promote and stabilize the open conforma-change associated with gating but is not the activation
tion (Gordon and Zagotta, 1995b; Ildefonse et al., 1992;gate for CNG channels.
Sunderman and Zagotta, 1999; Varnum et al., 1995). In
addition, using site-specific mutagenesis and/or modifi-Introduction
cation, numerous sites distributed throughout the chan-
nel protein have been shown to affect the free energy ofIon channel proteins form ion-permeable pores across
the allosteric opening transition (for review, see Zagottaplasma membranes and have at least two well-defined
and Siegelbaum, 1996).conformational states: open and closed (Hille, 1992). In
The structure of the pore of CNG channels is thoughtthe open state, a channel pore acts as a conduit through
to be similar to that of other P region-containing ionwhich select ions move passively into or out of cells.
channels. This structure was revealed with the crystalli-When channels are in the closed state, the pore is oc-
zation of KcsA, a bacterial potassium channel fromcluded, thus preventing ion conduction. These molecu-
Streptomyces lividans (Doyle et al., 1998). KcsA is com-lar rearrangements in the pore are often allosterically
posed of four subunits surrounding a central pore. Acoupled to conformational changes in other parts of the
single KcsA subunit has two membrane-spanning heli-
protein. Thus, allosteric coupling allows the free energy
ces, M1 and M2, and a selectivity filter that contains the
of channel opening to be modulated by membrane volt-
amino acids glycine-tyrosine-glycine (GYG), recognized
age, mechanical force, or ligand binding. as the signature sequence of potassium-selective chan-
Cyclic nucleotide-gated channels (CNG), although be- nels (Heginbotham et al., 1994). The M2 helices line the
longing to the gene family of voltage-gated ion channels inner vestibule of the channel and cross the membrane
(Jan and Jan, 1990; Kaupp et al., 1989), are activated at an angle to form a helix bundle on the intracellular
not by voltage but by the direct binding of cyclic nucleo- side in what has been referred to as an “inverted teepee”
tides, such as guanosine 3:5-cyclic monophosphate structure (Doyle et al., 1998). The helix bundle defines
(cGMP), inosine 3:5-cyclic monophosphate (cIMP), or the intracellular entrance to the pore and has been re-
adenosine 3:5-cyclic monophosphate (cAMP) (re- ferred to as a “smokehole” (Yellen, 1998). It has been
viewed in Zagotta and Siegelbaum, 1996). Found as proposed for Shaker B and KcsA potassium channels
integral components in sensory systems like photo- that this region behaves as a gate, which governs the
transduction or olfaction, CNG channels are nonselec- flow of ions through the channel and across the mem-
tive cation channels that report changing levels of intra- brane (Liu et al., 1997; Perozo et al., 1999).
cellular cyclic nucleotides (reviewed in Yau and Baylor, In this paper, we asked the following questions about
1989; Zufall et al., 1994). Like voltage-gated potassium CNG channels: (1) does the inverted teepee structure
channels, CNG channels are composed of four subunits, of KcsA adequately represent the structure of the CNG
each containing six putative transmembrane segments channel pore; (2) does the smokehole, defined by the
helix bundle, widen during channel opening; (3) does the
closed-state conformation of the helix bundle prevent1 Correspondence: zagotta@u.washington.edu
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Effects of Cysteine Modification Confirm CNG1
Alignment with KcsA
To probe the architecture of the CNG channel pore, we
took advantage of the unique biochemistry of cysteine
and substituted this amino acid into S6 sites of a cyste-
ine-free CNG1 channel (CNG1c7; Matulef et al., 1999).
Mutant channels were generated where each residue
between T389 and S399 was individually substituted
with a cysteine. Each mutant channel was expressed in
Xenopus oocytes, and the effects of cysteine modifica-
tion on permeation were used to determine an orienta-
tion of each side chain relative to the pore axis. We
applied the positively charged cysteine-modifying re-
agent methane thiosufonate-ethyltrimethylammonium
(MTSET) (Holmgren et al., 1996; Stauffer and Karlin,
1994) to channels under conditions of high open proba-
bility (see Experimental Procedures). To compensate for
the unfavorable free energy of opening in the mutants
N393C, G395C, and S396C, we included 1 M Ni2 in
the intracellular solutions (see Experimental Proce-
dures). The addition of Ni2 maximally opened these
Figure 1. Homology Model of CNG1 Pore Based on a Sequence mutant channels, causing the effects of MTSET modifi-
Alignment with KcsA cation on permeation to dominate and diminishing any
(A) An amino acid sequence alignment of the pore-forming regions gating effects. While it is possible for modification to
of KcsA, ShB, and CNG1. Amino acids in black boxes are identical cause a decrease in current due to effects on gating,
between two or more of the channels. Arrows show regions of S6
any effects on gating that we did observe were potentiat-in CNG1 where amino acids were mutated individually to cysteine.
ing and not inhibiting (data not shown). A high dose of(B) A homology model showing two of the four subunits of the CNG1
MTSET was applied to the intracellular side of mutantpore-S6 region. This model was generated with the amino acid
sequence alignment shown in (A) and the crystallographic coordi- channels to maximally modify introduced cysteines. For
nates of KcsA (see Experimental Procedures). Highlighted in red are those positions predicted to point toward the pore, mod-
the side chains of amino acids T389 through S399. ification was expected to have large effects on perme-
ation, due to electrostatic effects of the positively
charged head group of MTSET. In contrast, for those
cations from entering the inner vestibule; and (4) is ac- positions that point away from the pore, modification
was expected to have smaller effects on permeation,cess to the inner vestibule through the helix bundle? To
since the positive charge will be buried behind the helixaddress these questions, we probed the pore architec-
away from the permeation pathway.ture of CNG channels, using a cysteine substitution ap-
In inside-out excised patches, maximal currents acti-proach. We show here that CNG channels do form a
vated by saturating cGMP (2.5 mM) were measured be-helix bundle that undergoes a conformational change
fore, during, and after a 2 min application of 2 mMto enlarge the smokehole during channel opening; how-
MTSET to the intracellular face of each mutant channel.ever, it is also permeable to small cations, even when
Examples of the time courses for three mutant channels,channels are closed. In addition, we show that access
I390C, V391C, and I398C, are shown in Figure 2A.to the inner vestibule is through the smokehole and not
MTSET caused two distinct effects on channel current:by an alternative route.
voltage-dependent block that was rapidly reversible and
cysteine modification that was irreversible. The effects
of cysteine modification on permeation, as determinedResults and Discussion
by measuring the current amplitude before (Ipre) and
after (Ipost) exposure to MTSET, ranged from little orThe S6 region of the bovine rod CNG channel (CNG1)
no inhibition (e.g., I390C) to complete inhibition (V391C).
shares sequence similarity with both KcsA and a volt-
The fraction of cGMP-activated current modified by
age-gated potassium channel, Shaker B (Figure 1A). MTSET (1  [Ipost/Ipre]) was plotted for each position
Based on this sequence alignment between CNG1 and from T389C to S399C (Figure 2B). The lack of irreversible
KcsA (Doyle et al., 1998), we constructed a homology inhibition of T389C and I390C is consistent with either
model (Guex and Peitsch, 1997) to represent the putative no functional consequence of modification or inaccessi-
pore structure of CNG channels (Figure 1B). Notably, the bility of these residues. In either case, our interpretation
CNG pore model is different from KcsA in the selectivity is the same: T389C and I390C are not facing the pore.
filter, as CNG channels lack the GYG signature sequence The effects of MTSET modification on permeation
of potassium-selective channels (Heginbotham et al., were mapped onto the homology model in which each
1992). Outside the selectivity filter, the model is very site was color coded according to whether the effects of
similar to KcsA, with the S6  helices entering the mem- MTSET modification on permeation were small (33%,
brane at an angle to form a helix bundle on the intracellu- blue), intermediate (33%–66%, green), or large (66%,
lar side. As in KcsA, this inverted teepee structure forms red) (Figure 2C). Those positions in which modification
of introduced cysteines had large effects on permeationthe inner vestibule of the channel.
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Figure 2. Effects of MTSET Modification on Permeation Are Consistent with the Sequence Alignment and Homology Model for CNG1 Channels
(A) Effects of MTSET on the current amplitude of I390C, V391C, and I398C channels. cGMP-activated currents were recorded with voltage
steps to 60mV in 2.5 mM cGMP and leak subtracted. MTSET (2 mM) was applied at the time indicated by the bar.
(B) Currents were measured in 2.5 mM cGMP before (Ipre) and after (Ipost) MTSET exposure. Fractional current affected by MTSET modification
is plotted as 1  (Ipost/Ipre) for each position from T389C to S399C. The mean and SEM (n  3) are shown for each position. For N393C, G395C,
and S396C channels, 1 M Ni2 was added to increase the open probability, which was made low by the introduced cysteine mutation.
(C) Data from (B) are mapped onto the homology model. Two views are shown: a top and bottom view. Positions with large MTSET effects
(0.66) are in red, positions with intermediate effects (between 0.33 and 0.66) are in green, and positions with small effects (0.33) are in
blue.
also had side chains that are predicted to point toward CNG1c7 channels, under identical conditions, showed
very little change in amplitude (Figure 3B, open circles).the pore. In contrast, those residues in which modifica-
tion had only small effects on permeation are predicted We postulated that the current decrease was due to
formation of disulfide bonds between S399C residuesto point away from the pore. The above results thus
support our sequence alignment and homology model of different subunits. Since 10 mM dithiothreitol (DTT)
was unable to completely reverse the effect (data notand suggest that, like KcsA, CNG channels form a helix
bundle in this region. shown), we asked whether the presence of DTT could
prevent the current decay. Using intracellular solutionsTo further test our sequence alignment and homology
model, we initially focused on two mutants, V391C and containing 10 mM DTT, the current through S399C chan-
nels did not appreciably decrease when exposed to aS399C, both predicted to point toward the pore. For
these mutants, the fractional currents activated by satu- 0 cGMP solution (Figure 3B, open squares). Instead, the
current was similar to that seen for the control (CNG1c7).rating concentrations of cIMP and cAMP relative to
cGMP were similar to CNG1c7 control channels (Figure Our data indicate that a spontaneous disulfide bond
between S399C residues from different subunits is re-3A). The relative efficacies of these partial agonists re-
flect the energetics of the final opening transition (Var- sponsible for the observed decline in current. These
results are consistent with a prediction of the homologynum et al., 1995; Varnum and Zagotta, 1996) and suggest
that gating was unaffected by an introduced cysteine model that 	 carbons of S399C residues can be within
about 5 A˚ of each other at the helix bundle—a distanceat these positions. Although the efficacy of the various
cyclic nucleotides was unaffected, we did observe a suitable for disulfide bond formation (Careaga and
Falke, 1992).novel behavior in S399C channels imposed by the intro-
duced cysteine. When S399C channels were exposed We investigated disulfide bond formation at V391C,
also predicted to point toward the pore. There was noto a solution free of cyclic nucleotide (0 cGMP) for 500
s, the amplitude of the current was decreased upon evidence of a spontaneous disulfide bond formed at this
site; however, a disulfide bond could be induced whensubsequent exposure to saturating cGMP. This de-
crease in current followed a single-exponential time redox catalyst Cu2-(1,10-phenanthroline)3 [Cu(phen)3]
(Careaga and Falke, 1992; Kobashi, 1968) was intracellu-course with a time constant of 2190 
 530 s (n  6)
(Figure 3B, filled squares). In contrast, current from larly applied to V391C channels (Figure 3C, dashed line).
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Figure 3. Disulfide Bonds Form between Subunits for Residues in the Helix Bundle
(A) Leak-subtracted currents measured in 2.5 mM cGMP (green), 16 mM cIMP (blue), and 16 mM cAMP (red) for CNG1c7, S399C, and V391C
channels. A voltage protocol is shown below.
(B) Time-dependent decrease in cGMP-activated currents measured from S399C channels (filled squares), CNG1c7 channels (open circles),
and S399C channels in 10 mM DTT (open squares). Channels were repeatedly exposed to 0 cGMP for 500 s followed by brief exposures to
2.5 mM cGMP for 10 s. All currents were measured during 60mV pulses and leak subtracted. cGMP-activated current amplitudes were
plotted as a function of time in 0 cGMP. The smooth lines through the data are single-exponential fits of the equation y  A  e(t/)  B,
where A is the amplitude of the exponential at t  0, B is the steady-state current remaining and is constrained to 0.086 for all fits shown
here, and  is the time constant. In this experiment,   1323 s for S399C,   50518 s for CNG1c7, and   28173 s for S399C  10 mM
DTT (fit not shown).
(C) Time-dependent decrease in currents from V391C channels in the absence and presence of Cu(phen)3. In this experiment,   1128 s for
0 cGMP  Cu(phen)3.
The disulfide bond induced at V391C by Cu(phen)3 was after an hour, even in CNG1c7 (Figure 3B). In addition,
some disulfide bond formation is expected as CNG1partially reversible by 10 mM DTT (data not shown).
Since S399C and V391C are predicted to lie on different channels spend about 5% of the time closed, even in
saturating cGMP (Ruiz and Karpen, 1997; Sundermanfaces of the S6 helix, the formation of a disulfide bond
at both of these positions is consistent with a bundle and Zagotta, 1999; Tibbs et al., 1997). Thus, state-
dependent formation of a spontaneous disulfide bond atcrossing between S399C and V391C.
S399C reports a conformational change in the helix bun-
dle that is associated with channel gating and suggestsHelix Bundle Changes Conformation with Gating
that the smokehole may widen as the channel opens.Formation of a spontaneous disulfide bond at S399C in
the absence of cyclic nucleotide suggests that these
residues are close together in the closed state. Is the Residues in the Inner Vestibule Are Inaccessible
to MTSET in the Closed Statesame true for the open state? We investigated disulfide
bond formation in the open state by maintaining S399C Since a conformational change occurs in the helix bun-
dle that is associated with gating, we asked, does thechannels in saturating cGMP. After 1 hr in 2.5 mM cGMP,
the current decline was small (Figure 4A). Only when helix bundle act as an activation gate for CNG channels?
If so, cysteine residues lining the inner vestibule shouldS399C channels were closed by subsequent exposures
to a nucleotide-free solution (0 cGMP) was there a signif- be protected from internal MTSET modification in the
closed state. To investigate whether the helix bundleicant decrease in cGMP-activated current (Figure 4A).
This state dependence of disulfide bond formation was acts as a gate, we determined the state-dependent ac-
cessibility of several cysteine mutants that line the porequantified by comparing rates of current decay in 0
cGMP and saturating cGMP. Figure 4B shows that the and span the helix bundle, by measuring the rates of
modification for each site in both open and closedrate was 10-fold faster in 0 cGMP than in saturating
cGMP. This slow rate in saturating cGMP is an overesti- states. Rates for closed-state modification were mea-
sured by repeatedly exposing inside-out patches tomate, given that some rundown in current was seen
Movement of S6 in Gating
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in the open state then the closed state is not surprising,
given that this residue is predicted to be below the helix
bundle (Figure 5D). In contrast, there is a greater than
100-fold difference between open- and closed-state
rates of modification of V391C, I394C, and S396C (Figure
5C). This state-dependent modification is consistent
with the helix bundle acting as a gate controlling acces-
sibility of MTSET to the inner vestibule.
Helix Bundle Is Permeable in Closed State
MTSET has a head group of approximately 5.8 A˚ in
diameter, considerably larger than the size of a dehy-
drated potassium or sodium ion (2.66 and 1.94 A˚ in
diameter, respectively). We therefore asked does the
closed-state conformation of the helix bundle prevent
small cations from entering the inner vestibule? To de-
termine if small cations pass through the helix bundle
in the closed state, we measured closed- and open-state
rates of V391C modification by each of three cationic
modifiers: MTSET, MTSEA, and Ag. The smallest of
these modifiers is Ag (2.52 A˚ in diameter), which is
similar in size to a potassium ion (2.66 A˚ in diameter).
Figure 6A shows time courses of V391C modification
by 1.5 nM free Ag in both open and closed states. Ag
caused an irreversible inhibition of current when applied
to V391C in both open and closed states. This effect
Figure 4. Spontaneous Disulfide Bond(s) Form at S399C Only in the was cysteine specific, since 121 nM free Ag produced
Closed State only reversible open channel block of CNG1c7 channels
(A) State dependence of S399C current decay. This patch was ini- (data not shown). The rate constants of modification of
tially exposed only to 2.5 mM cGMP. After about 1 hr, the patch V391C were progressively slower for larger cations, and
was repeatedly exposed to 0 cGMP for 500 s followed by 2.5 mM
modification was progressively more state dependentcGMP for 10 s. In this experiment,   2749 s for 0 cGMP, and  
(Figure 6B). Ag modifies V391C even in the closed state56357 s for saturating cGMP.
at a rate that is limited by diffusion (approximately 108 /(B) Box plots of the rates of current decay measured from S399C
channels in 2.5 mM cGMP (n 6) or in 0 cGMP (n 6). The centerline M/s) and not by gated access. MTSEA has a head group
is the median value, the edges of the boxes are the 25th and 75th of approximately 3.6 A˚ in diameter and modifies V391C
percentiles, and the extremes are the 5th and 95th percentiles. slower than Ag. MTSEA reacts about 4-fold faster in
the open state then the closed state, a state dependence
that is intermediate between Ag and MTSET. WhileMTSET in 0 cGMP for 10 s, washing in 0 cGMP for 10
gated access may occur for larger cations, small cationss, and testing in 2.5 mM cGMP for 10 s. This cycle was
appear to proceed into the inner vestibule quickly andrepeated until modification reached steady state. In a
unencumbered by the helix bundle conformation. Theseseparate patch from the same oocyte, rates of open-
results suggest that the helix bundle is not an activationstate modification were measured by applying MTSET
gate for CNG channels.in saturating cGMP and washing in saturating cGMP. In
each case, currents were leak subtracted and cGMP-
activated currents were plotted as a function of cumula- Access to the Inner Vestibule Is through
the Helix Bundletive time in MTSET. As shown in Figure 5A, the time
courses of modification of S399C residues located be- Since MTSET exhibited state-dependent modification of
V391C, while the smaller MTSEA did not, we questionedlow the helix bundle were very similar in both the open
and closed states, and, if anything, the rate was some- whether MTSEA was accessing V391C by an alternate
pathway—one not involving the helix bundle. If accesswhat faster in the closed state. However, the open-state
rate of modification of V391C, located above the helix to V391C required a modifier to pass through the helix
bundle, then modification rates should be affected bybundle, was significantly faster than the closed-state
rate (Figure 5B). We plotted, on a log axis, the mean changing the helix bundle. For example, if we made
the smokehole smaller, then the closed-state rate ofrate constants of open- and closed-state modification
for four sites predicted to line the pore and span the modification of inner vestibule sites would be slower,
and the state dependence should be greater. MTSEAhelix bundle (Figure 5C). The length of the lines connect-
ing open- and closed-state symbols for a given mutant modifies S399C at the smokehole very quickly (36,000

5,500 /M/s, n  3), which is significantly faster thanreflects the fold change in modification rates between
open and closed states (Liu et al., 1997). V391C, I394C, V391C in the inner vestibule (2030 
 400 /M/s, n  5).
We exploited this difference to determine the rates ofand S396C all showed significantly faster open-state
modification by MTSET (Figure 5C). Only S399C exhib- modification of V391C in a double mutant channel that
contained both V391C and S399C. We applied 20 Mited little or no state-dependent modification. Finding
that MTSET modification of S399C does not occur faster MTSEA to the closed state of V391C and V391C,S399C
Neuron
694
Figure 5. State-Dependent MTSET Modification for Residues above the Helix Bundle
(A) Time-dependent decrease in cGMP-activated current due to MTSET modification in S399C channels in the open (circles) and closed
(squares) states. cGMP-activated currents were measured from S399C channels modified in the open state by 2 M MTSET  2.5 mM cGMP
or in the closed state by 2 M MTSET  0 cGMP. In this experiment,   39.4 s for open-state modification, and   26.6 s for closed-state
modification.
(B) Time-dependent decrease in cGMP-activated current due to MTSET modification in V391C channels in the open (circles) and closed
(squares) states. cGMP-activated currents were measured from V391C channels modified in the open state by 200 M MTSET  2.5 mM
cGMP or in the closed state by 200 M MTSET  0 cGMP. In this experiment,   5 s for open-state modification, and   800 s for the
closed-state modification.
(C) Comparison of MTSET modification rate constants in the open and closed state of 4 residues predicted to line the inner vestibule. Mean
(
SEM; n  3) rate constants for both open (circles) and closed (squares) states are plotted on a log scale for each mutant. The length of
the black bar connecting the symbols shows the fold change in the rates between the two conformational states.
(D) Homology model showing the side chains of V391 (red) and S399 (yellow) as spaced filled on the S6 helices of each of two subunits.
channels and measured the time course of modification A Plausible Mechanism for the Opening
Conformational Changefor each (Figure 7A). While the decline in current induced
Our results are consistent with the hypothesis that CNGby MTSEA was single exponential for V391C channels,
channels are structurally similar to KcsA in the helixit was clearly double exponential for V391C,S399C chan-
bundle region and suggest a plausible mechanism fornels. The fractional current amplitude reached by the
an opening conformational change in CNG channels.rapid component [A/(AB); Figure 7A] was similar to the
We propose that the helix bundle opens by a translationfractional steady-state current observed after MTSEA
and possible rotation of the intracellular ends of themodification of S399C alone (0.39 
 0.005, n  3). The
S6 helices, with the extracellular ends constrained byslower component corresponds to modification of
interactions with the pore loop (Figure 8). A radial trans-V391C in the double mutant and results in nearly com-
lation would increase the diameter of the smokehole soplete inhibition of current (Figure 7A). The closed-state
that larger cations like MTSET could enter the innerrate for modification of V391C in V391C,S399C channels
vestibule. A translation tangent to the smokehole would
was slower than modification of V391C in the single result in an apparent rotation of the intracellular S6 rela-
mutant channels (Figure 7B). In contrast, the open-state tive to the central pore axis. In our model, this rotation
rates were similar for V391C and V391C,S399C chan- would be clockwise, as viewed from the extracellular
nels. Thus, modification of S399C decreases the rate of side. A similar mechanism has been proposed for the
modification of V391C in the closed state but not the pH-dependent gating of KcsA channels. EPR studies
open state, resulting in an increase in the apparent state revealed changes in probe mobility and spin-spin cou-
dependence of modification of V391C. These results pling consistent with both a translation and rotation of
are consistent with MTSEA entering the inner vestibule the intracellular ends of the M2 helices of KcsA during
gating (Perozo et al., 1999). In addition, there is a gradualthrough the helix bundle, not via an alternate pathway.
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Figure 6. The Helical Bundle Is Permeable to Small Cations, Even Figure 7. Modification of the Helix Bundle at S399C Slows the Rate
in the Closed State at which MTSEA Passes through Its Closed State
(A) State-independent modification of V391C by Ag. Time-depen- (A) Time-dependent decrease in current in V391C (right axis) and
dent decrease in cGMP-activated current of V391C channels due V391C,S399C (left axis) channels, due to modification by 20 M
to modification by 1.5 nM free Ag. Currents were measured from MTSEA in 0 cGMP. For V391C channels, the smooth line is a fit of
V391C channels modified in the open (circles) and closed (squares) the equation y  A  e(t/), where   21 s. For V391C,S399C
states. In this experiment,   19.1 s for open-state modification, channels, the smooth line is a fit of the equation y  A  e(t/1) 
and   24.2 s for closed-state modification. B  e(t/2), where 1  3.6 s, and 2  71 s.
(B) Comparison of modification rate constants in the open and (B) Comparison of MTSEA modification rates of V391C in the open
closed states of V391C with Ag, MTSEA, and MTSET (mean 
 and closed states of V391C and V391C,S399C channels. Mean
SEM, n  3). To the left of the graph are model representations of (
SEM; n  3) rate constants for both closed (squares) and open
the three modifying reagents to demonstrate relative size. (circles) states are plotted on a log scale for each mutant. For
V391C,S399C channels, the mean second-order rate constant for
modification of V391C [1/([MTSEA] 2)] from the double-exponen-
tial fits is plotted for both closed and open states.increase in the magnitude of the change near the intra-
cellular end of the M2 helix (Perozo et al., 1999). Taken
together, these results suggest that gating of CNG chan-
nels and KcsA channels may occur by similar mecha- CNG channels by divalent cations such as Ni2 (Karpen
et al., 1993). These reagents are small enough to passnisms.
Our model in Figure 8 can explain the state-dependent through the smokehole, even when the channel is
closed.disulfide bond that forms between S399C residues in
different subunits. In the closed state, S399C residues The closed-state conformation of our model offers an
explanation for the 1000-fold higher affinity of the localpoint toward the pore—a conformation that favors the
formation of a spontaneous disulfide bond. In the open anesthetic tetracaine for closed CNG channels as com-
pared to open channels (Fodor et al., 1997). Since thestate, S399C is predicted to rotate and translate away
from the central axis of the pore, thus impeding disulfide S6 helices are mostly hydrophobic, we speculate that
tetracaine interacts partially through hydrophobic inter-bond formation and enlarging the smokehole (Figure 8,
yellow). A model in which the helices move apart when actions with these helices. These interactions are likely
to be more favorable in the closed state, when the S6channels open also explains state-dependent modifica-
tion of V391C by MTSET. Since MTSET is bigger than helices are closer together, and, therefore, tetracaine
binding would have a higher affinity and stabilize theMTSEA or Ag, the closed-state conformation of the
helix bundle may impede MTSET from entering the inner closed conformation. In the open state, when the S6
helices are further apart, tetracaine binding would havevestibule, while the larger smokehole of the open state
would allow MTSET to pass more easily. a lower affinity.
Native cone CNG channels are blocked by intracellularIn our model, the smokehole is small but unobstructed
in the closed-state conformation and allows smaller cat- tetrapentylammonium (TPeA; about 12 A˚ diameter) with
a voltage dependence similar to smaller cationic block-ions like MTSEA and Ag to pass through easily. A small
opening at the helix bundle would explain closed-state ers (Stotz and Haynes, 1996). These results suggest that
in the open state the smokehole to the inner vestibulemodification by MTSEA of other residues in the pore
region (Becchetti et al., 1999; Liu and Siegelbaum, 2000; of native channels is greater than 12 A˚. Taken together
with our results, the smokehole appears to change diam-Sun et al., 1996) and state-independent block of native
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Figure 8. A Possible Mechanism for Confor-
mational Changes Associated with Opening
and Closing of CNG1 Channels
View of four S6 helices from the extracellular
side of a CNG1 channel in the closed (left)
and open (right) states. Highlighted are side
chain groups of amino acids S399 (yellow)
and V391C (red). A silver atom is shown (blue)
on the same CPK scale as the side chains.
The top of the S6 helices is in the same posi-
tion for both closed and open states.
chased from Sigma (St. Louis, MO). Saturating concentrations ofeter from about 5 A˚ to 12 A˚ in going from a closed to
cGMP (2.5 mM), cIMP (16 mM), or cAMP (16 mM) were made in thisopen state.
solution and applied to the intracellular side of patches. Niflumic
acid (500 M) was included in the external (pipette) solution to
The Helix Bundle Is Not an Activation Gate in CNG block endogenous calcium-activated chloride channels. A Cu(phen)3
Channels solution was made from stock solutions of 1.5 mM CuSO4 in water
and 5 mM 1,10-phenanthroline in 100% ethanol (Careaga and Falke,We show that MTSEA and Ag can pass into the inner
1992; Gordon et al., 1997; Kobashi, 1968). An aliquot of each stockvestibule, even when CNG channels are closed. This
solution was diluted 1000-fold in a solution containing 130 mM NaClsuggests that, even though the cytoplasmic ends of the
and 3 mM HEPES at pH 7.2 to give a final concentration of 1.5
S6 helices are very close together in the closed state, M Cu(phen)3. For cysteine modification experiments, initial stock
there is an opening sufficient to permit the passage of solutions of 100 mM MTSET and MTSEA (Toronto Research Chemi-
small cations. This would imply that the gate is beyond cal, North York, Ontario, Canada) were made in water and immedi-
ately frozen at 80C. During the experiments, single aliquots werethe helix bundle, and we speculate that movement of
thawed and stored on ice for not longer than 6 hr. Each MTS reagentthe S6 helices is coupled to conformational changes
was diluted into either the nucleotide-free solution or saturatingin the selectivity filter as previously proposed (Becchetti
cGMP solution just prior to application and was refreshed every 15
and Roncaglia, 2000; Liu and Siegelbaum, 2000). This min if necessary. For V391C modification by Ag, a freshly made
conclusion is different from what has been proposed for solution containing 1.4 M AgNO3, 65 mM Na2EDTA, and 10 mM
voltage-gated potassium channels. While we observed HEPES at pH 7.2 was applied to the intracellular side of patches.
This high concentration of Na2EDTA gives an internal Na concentra-little state dependence to the modification by MTSEA
tion of 130 mM, which was equal to the external Na concentrationand Ag of V391C channels, there is significant state-
(see above), and the EDTA buffers most of the 1.4 M Ag, givingdependent modification of the homologous S6 residue
a free Ag concentration of 1.5 nM.
in Shaker, V474C (del Camino et al., 2001; Liu et al., For the mutants S396C, G395C, and N393C, the free energy of
1997). This difference may be attributed to the presence opening was unfavorable, as determined by the ratio of saturating
of proline residues in the S6 of Shaker channels, which cIMP-activated current to saturating cGMP-activated current. To
compensate for the unfavorable opening in these mutants, a solutionmay confer a unique architecture to the Shaker channel
containing 1 M NiCl2, 2.5 mM cGMP, 130 mM NaCl, and 3 mMpore that differs from the inverted teepee of KcsA and
HEPES (pH 7.2) was used to maximally open these channels. Ni2CNG channels (del Camino et al., 2000).
has been shown to stabilize the opening transition in CNG channels
(Gordon and Zagotta, 1995a; Ildefonse et al., 1992; Karpen et al.,
Experimental Procedures 1993; Sunderman and Zagotta, 1999).
We controlled solution changes using a motorized rapid solution
Molecular Biology and Expression of Channels changer (RSC-100; Molecular Kinetics, Pullman, WA) controlled by
in Xenopus Oocytes the data acquisition software (PULSE; Instrutech, Elmont, NY). The
The cDNA of a cysteine-free bovine rod  subunit (CNG1c7) (Matulef rate of solution changing varied somewhat from patch to patch, and
et al., 1999) was inserted into a high-expressing pGEMHE plasmid only patches that were completely perfused within 2 s were used
containing 5 and 3 untranslated regions of the Xenopus 	 globin in these experiments. The bath solution was continually exchanged
gene (Liman et al., 1992). Mutations were constructed in CNG1c7, throughout the experiments, using a gravity flow system. All experi-
using a PCR-based mutagenesis method as previously described ments were carried out at room temperature (22C–25C).
(Gordon and Zagotta, 1995b). All introduced cysteine substitutions Data acquisition was controlled using PULSE data acquisition
were confirmed by automated sequencing (PE Applied Biosystems, software running on a Pentium III-based computer. All currents were
Foster City, CA). Each cDNA was transcribed using a T7 promoter- recorded using an Axopatch 200A amplifier (Axon Instruments, Fos-
based in vitro transcription method (Ambion, Austin, TX), and cRNA ter City, CA) and low-pass filtered at 2 kHz, then digitized and ac-
was injected into Xenopus oocytes (Xenopus One, Dexter, MI) for quired at a rate of 10 kHz. Data were stored on disk for offline
expression as previously described (Zagotta et al., 1989). analysis using the software package Igor (WaveMetrics, Lake Os-
wego, OR).
Recording Conditions
Inside-out patches of membrane were excised from oocytes 4–7
days postinjection, using 0.5–1 M borosilicate electrodes (VWR Homology Modeling
A homology model of the CNG1 channel pore was constructedScientific Products). The standard solution on both sides of the
membrane consisted of (in mM) NaCl, 130; HEPES, 3; and EDTA, using the amino acid sequence alignment in Figure 1A and the
crystallographic coordinates of KcsA (Doyle et al., 1998). The model0.2 (pH 7.2). Unless otherwise stated, all compounds were pur-
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was generated using the SWISS-MODEL server at http://www. Hille, B. (1992). Ionic Channels of Excitable Membranes, Second
edition (Sunderland, MA: Sinauer Associates).expasy.ch/spdbv/, where the sequence was threaded through the
crystallographic coordinates of KcsA, and limited energy minimiza- Holmgren, M., Liu, Y., Xu, Y., and Yellen, G. (1996). On the use of
tions were performed (Guex and Peitsch, 1997). A full CNG1 tetramer thiol-modifying agents to determine channel topology. Neurophar-
was built by applying noncrystallographic symmetries to the mono- macology 35, 797–804.
mer sequence, using Swiss-PdbViewer software. The final results
Ildefonse, M., Crouzy, S., and Bennett, N. (1992). Gating of retinal
of the homology model were stored in PDB-formatted files and
rod cation channel by different nucleotides: comparative study of
displayed using the software package WebLab ViewerPro (Molecu-
unitary currents. J. Membr. Biol. 130, 91–104.
lar Simulations, Inc., San Diego).
Jan, L.Y., and Jan, Y.N. (1990). A superfamily of ion channels. Nature
345, 672.
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